Abstract-In this work, the successful application of graphene and related 2D materials in the field of perovskite solar cells (PSCs) has been demonstrated by engineering the standard mesoscopic n-ip structure. The use of 2D materials has the dual role in improving both the stability and the overall efficiency of the proposed 2D-engineered PSC structure with respect to existing devices. The easy and successfully demonstrated device scaling-up allowed the realization of efficient large area graphene/perovskite modules.
I. INTRODUCTION
Recently, the energy demand exponential growth pushed the scientific community in developing novel and innovative technologies devoted in producing energy from clean and renewable sources. Among that, solar energy could potentially provide energy amount 6000 times higher than the energy demand. In such context, the existing technologies such silicon based or thin-films photovoltaics are satisfying in term of power conversion efficiency (PCE) but the high energy manufacturing consumption and the final module disposal still represent limiting factors for their diffusion. As a matter of fact, new generation photovoltaic promises to conjugate low production cost with high efficiency. That is the case of perovskite technology now overcoming 22% in PCE [1] and employing cheap solution-based manufacturing processes. Unfortunately, despite perovskite exhibits exceptional physical properties such as long charge diffusion length (till 1 µm), broad absorption spectrum in the visible range, strong photoluminescence [2, 3] and bipolar charge transport that makes it one of the most promising materials for photovoltaic application, several opened issues are still constraining the commercialization of perovskite-based photovoltaics. Firstly, devices are not able to pass the aging standard tests (IEC 61646) established for terrestrial application and secondly the technology scaling-up from lab scale dimensions to large area module need to be demonstrated effectively. [4] In fact, temperature, moisture and light induced degradations [5, 6] represent a limiting factor for long term stability. In addition, under voltage bias or thermal drift, ion movement could induce defect into the perovskite absorber, such as iodine vacancies, causing interface degradation and eventually device failure during operation. [7] With the aim to stabilize the perovskitebased devices, several architecture engineering and perovskite absorber modifications have been proposed. [8] On one hand, mixed cation hybrid lead halide perovskites employing methylammonium (MA), formamidinium (FA) and cesium (Cs) cations was successfully developed in order to stabilize the harvesting material by tuning the Goldschmidt tolerance factor (an important index for cubic perovskite structure controlled between 0.8 and 1.0 by tuning the ionic radius in the composition) [9] . On the other hand, we recently proposed graphene and 2D materials interface engineering (GIE) to improve the perovskite/charge transporting layer interfaces in term of final device performance and stability. [2, 10, 11] In our investigation, the sandwich structure usually employed for perovskite solar cells (glass+conductive oxide/electron transporting layer/perovskite/hole transporting layer/metal) is modified by inserting graphene as dopant and bidimentional materials as interlayer into the structure. In particular, in the engineered mesoscopic n-i-p structure the graphene doping of mTiO2 layer has a manifold-functional role i) it improves the perovskite morphology growth by reducing the trap state density at mTiO2/perovskite interface [12, 13] ii) it accelerates the negative charge extraction/collection at the photoelectrode (PE) and iii) it facilitates the scaling-up process from small area device to large area module, by demonstrating efficiency of 12.6% over 50 cm 2 active area. [14] In this work, we further exploit GIE strategy to further scale-up the module dimensions above 100 cm 2 as module active area.
II. RESULTS AND DISCUSSION
The proposed 2D engineered mesoscopic perovskite solar cell structure is showed in Fig. 1 and following detailed as glass/FTO/ graphene-doped compact TiO2 (cTiO2+G)/ graphene-doped mTiO2 (mTiO2+G)/perovskite/spiroOMeTAD/gold. More in detail, the engineered structure showed graphene-modified electron transporting layer (ETL) by including graphene nano-flakes (Gnf) into both the cTiO2 and the mTiO2 layers, respect to the reference device. The small area (0.1 cm2) 2D engineered PSC showed overall performance improvement by reaching top PCE of 16.4% due to the engineered interfaces between perovskite light harvester and ETL, and to the improved electron transport toward the PE. Indeed, the insertion of graphene flakes into the cTiO2 solution was demonstrated to reduce the dark current by decreasing the series resistance and eventually by increasing the device fill factor-FF (above 75%) [15] as reported in figures 2 and 3c respectively. At the same time, the graphene flakes doping (with an optimized concentration of 1% in vol.) of mTiO2 ETL resulted in an overall PCE improvement due to an increased device FF and short circuit current (ISC) [16] (see Fig.3 panels a and c) .
Furthermore, steady state and (PL) time resolved photoluminescence (TRPL) spectroscopy revealed an improved morphology of perovskite crystals wrapped into the mTiO2+G layer, leading to an improved electron injection at the mTiO2+G/perovskite interface while the presence of graphene into the bare mTiO2 layer improved the overall electron extraction at the photo-electrode (PE) [12] .
Notably, device stability was even successfully improved by graphene addition. Indeed, TOF-SIMS and XPS measurements [16] revealed the beneficial role of graphene in preventing iodine diffusion into the mTiO2 layer by retarding the mTiO2/perovskite interface degradation and eventually enlarging the device lifetime. The so-optimized mesoscopic structure has been scaled-up on large area modules by demonstrated an average PCE improvement of 12% over seven modules realized for each typology, as reported in Fig.4a . Notably, 2D engineered module showed top PCE of 11,6% on 110 cm2 active area with a module aspect ratio of 91% (the I-V characteristics are reported in Fig.4b ). The PCE improvement was mainly due to ISC increase, demonstrating an improved charge injection/collection at PE side, as previously demonstrated for small area devices.
The module layout (composed by 14 series connected cell with active area of 7.86 cm 2 ) was realized thorough the optimization of three laser processing steps (P1-P2-P3 laser patterning procedure [17] ) required to realize the serial interconnection of various cells.
III. CONCLUSIONS
In this work, we demonstrate the perovskite solar device engineering by using 2D materials as interfacial interlayers having a beneficial impact on the device power conversion efficiency and stability under prolonged light soaking condition. Moreover, the easy and successfully demonstrated device scaling-up of deposition process for both 2D materials and perovskite allowed the realization of efficient large area graphene/perovskite modules. Indeed, a remarkable PCE of 11.6% was reported over 110 cm2 active area module with an aspect ratio of 91%.
Together with the demonstrated stability improvement of GRMs-based perovskite solar cell, [6, 7] the feasibility of a reproducible scaling-up procedure to realize perovskite solar modules are here proposed as a viable route to make perovskite technology ready to satisfy the efficiency, stability and cost targets required by the photovoltaic market.
IV. EXPERIMENTAL SECTION
The standard direct mesoscopic configuration is composed of an ensemble of stacked layers. Firstly, the FTO substrates were cleaned with ultrasonic bath cycles of detergent with deionized water, acetone and lastly 2-propanol for 10 minute for each step. Then, a compact TiO2 (cTiO2) layer was deposited by spray pyrolysis onto the conductive (FTO) glass substrate. In particular, the cTiO2 solution was composed of acetylacetone (2 mL), titanium diisopropoxide (3 mL) and ethanol (45 mL). The graphene doping of cTiO2 solution employed in PSC-C was obtained by adding graphene flakes ink (1% v/v) and then stirring at room temperature for 10 minutes.
Regarding graphene flakes ink was obtained via liquid phase exfoliation process and then it was dispersed in ethanol (EtOH, Sigma-Aldrich, 99.8%) and water (80:20) solution (0.9 g·L-1). The so obtained ink was used to dope cTiO2 and mTiO2 solutions, the detailed synthesis procedure and the complete characterization have been already reported in our recently paper. [14] Subsequently, a mesoscopic TiO2 (mTiO2) layer was deposited by spin coating a mTiO2 solution (Dyesol 30 NRD paste diluted in absolute ethanol 1:5 wt) at 2000 rpm per 20 s onto the cTiO2 surface and subsequently sintered at 480°C for 30 min. In the case of graphene-doped mesoscopic layer, the mTiO2 precursor solution was doped by adding 1% v/v of graphene inks and then stirred 2 hours at room temperature before to be deposited. The triple cation perovskite layer was deposited via single step with chlorobenzene-based anti-solvent method. Then the 2D materials dispersions were sprayed by airbrush on an hot plate set at 80°C. The spiro-OMeTAD (73. 
